Magnesium sulfate has been used in preeclampsia patients in order to prevent seizure. It is also used for the treatment of arrhythmia and asthma and as an anesthetic adjunct in patients undergoing surgery for pheochromocytoma. However, its potentiating effects on perioperative analgesia and muscle relaxation have drawn attention recently. These characteristics of magnesium (anesthetic-and analgesic-sparing effect) enable anesthesiologists to reduce the use of anesthetics during surgery and the use of analgesics after surgery. Magnesium sulfate has a high therapeutic index and cost-effectiveness. Considering these diverse characteristics useful for anesthesia, appropriate use of magnesium sulfate would improve surgical outcome and patients' satisfaction. (Korean J Anesthesiol 2013; 65: 4-8) 
Introduction
Magnesium plays a critical role in a variety of physiologic processes. Ever since the study of magnesium sulfate in clinical anesthesia beginning in 1996, magnesium has drawn attention in the field of anesthesia and pain medicine [1] . Recently, numerous clinical studies, review articles and meta-analyses have been published worldwide [2] [3] [4] [5] [6] [7] [8] . In this review article, the efficacy of magnesium is described in terms of analgesia and muscle relaxation in surgical patients.
Physiology and Pharmacology
Magnesium is the fourth most common cation in the body and has a key role in hundreds of physiologic processes [9] . Among the numerous actions of magnesium, the blockade of N-methyl-D-aspartate (NMDA) receptor and calcium channel has an important meaning to anesthesia. The normal range of magnesium in plasma is 0.7-1.1 mmol/L (1.4-2.2 mEq/L). Hypomagnesemia can occur frequently, especially after surgery such as abdominal, orthopedic and cardiac operation. From the report of Aglio et al. [10] , the incidence of hypomagnesemia was 19.2% before cardiac surgery, peaked to 71% immediately after surgery, and subsided slightly to 65.6% 24 h after then.
Hypermagnesia occurs rarely in clinical medicine unless the renal function of the patient is compromised. If the plasma concentration of magnesium reaches 4-5 mmol/L, toxic symptoms such as loss of deep tendon reflex and dizziness can occur. At higher concentrations, respiratory arrest (> 6 mmol/L) or cardiac arrest (> 8 mmol/L) can develop. Magnesium sulfate (MgSO 4 ) and magnesium chloride (MgCl 2 ) are both available; however, the latter is used mostly in research laboratories [9] .
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Although magnesium is not a primary analgesic in itself, it enhances the analgesic actions of more established analgesics as an adjuvant agent. The role of magnesium for perioperative analgesia has been investigated by many authors. Magnesium sulfate has been reported to be effective in perioperative pain treatment and in blunting somatic, autonomic and endocrine reflexes provoked by noxious stimuli [11] [12] [13] . Usual regimens of magnesium sulfate administration were a loading dose of 30-50 mg/kg followed by a maintenance dose of 6-20 mg/kg/h (continuous infusion) until the end of surgery. However, a single bolus of magnesium without maintenance infusion was also effective for postoperative analgesia in some previous reports.
When magnesium was used intraoperatively, many researchers reported that it reduced the requirement for anesthetics and/or muscle relaxants. In terms of postoperative analgesia, intraoperative magnesium during surgery can reduce opioid consumption in the first 24 h postoperatively, and to a lesser extent, pain scores. Ryu et al. [14] compared magnesium sulfate and remifentanil during middle ear surgery. In this study, either drug when combined with sevoflurane provided adequate level of hypotensive anesthesia, however, the magnesium group had more favorable postoperative courses showing better analgesia and less shivering and nausea/vomiting after surgery. In addition, sevoflurane was required less to maintain surgical anesthesia in patients receiving magnesium sulfate than those receiving remifentanil.
Magnesium sulfate, as an analgesic adjunct, can also be useful in patients receiving total intravenous analgesia (TIVA). Seyhan et al. [15] reported that magnesium sulfate reduced propofol, atracurium and postoperative morphine consumption in gynecologic surgical patients. In another study employing gynecologic patients undergoing laparotomy under TIVA, pain scores, analgesic consumption and shivering incidents were lower in the magnesium group compared with control, and it was concluded that magnesium sulfate improved the quality of postoperative analgesia during TIVA. Gupta et al. [16] also reported that magnesium reduced the requirements for propofol, rocuronium and fentanyl in spinal surgical patients. It is conceivable that the intraoperative use of magnesium sulfate may mitigate remifentanil-induced hyperalgesia in patients receiving TIVA.
The usefulness of magnesium for postoperative analgesia is not limited to general anesthesia. Recent studied suggested that magnesium sulfate can play a beneficial role also in spinal anesthesia when administered via both intravenous or intrathecal route. Magnesium can prevent the induction of central sensitization from peripheral nociceptive stimuli at the spinal action site by blocking NMDA receptors in a voltage-dependent manner [17] . With the same mechanism, when small doses of magnesium sulfate was added to local anesthetics for spinal anesthesia, the duration of anesthesia was prolonged, postoperative analgesic requirement was reduced and the side effects of high doses of local anesthetics and opioids were decreased. In animal studies, when magnesium sulfate was co-administered during spinal anesthesia, it significantly potentiated morphine analgesia in rats with or without surgical incision [18] . In another experimental murine model, the intrathecal injection of magnesium sulfate produced a state of general sedation and spinal anesthesia, lasting about 1 h and these effects were reversed after 6 h without neurotoxicity [19] . Clinical studies also showed that intrathecal magnesium sulfate added to fentanyl prolonged labor analgesia without any increase in side effects [20, 21] . In addition, i.v. infusion of magnesium sulfate during spinal anesthesia was reported to improve postoperative analgesia and to reduce cumulative consumption of analgesics after total hip replacement arthroplsaty [22] . Postoperative i.v. magnesium sulfate infusion also increased the time to analgesic need and reduced the total consumption of analgesics after spinal anesthesia [23] .
Whereas intrathecal magnesium sulfate has been studied in many studies, there are few data on the effect of epidural magnesium sulfate. Magnesium sulfate added to lidocaine which was into the caudal epidural space prolonged analgesia compared with plain lidocaine in cattle [24] . Arcioni et al. [25] investigated whether there were any synergistic interactions between intrathecal and epidural administration of magnesium sulfate in terms of postoperative analgesia in patients undergoing orthopedic surgery. The results suggested that combined intrathecal and epidural magnesium sulfate administration significantly reduces postoperative analgesic requirements.
Not all of the investigations have reported postoperative analgesic effect of magnesium sulfate. Perioperative i.v. magne sium administration did not reduce postoperative pain and analgesic consumption in patients undergoing abdominal hyste rectomy [26] and cesarean delivery [27] . Interestingly, epidural analgesia was used after surgery in the above studies, and thus, it is possible that superior analgesic efficacy of epidural analgesia over intravenous analgesia might have masked the analgesia-potentiating effect of magnesium sulfate. A recent report by Tramer and Glynn [28] also showed that the pre treatment of magnesium sulfate in patients undergoing ambulatory ilioinguinal hernia repair or varicose vein operations has no effect on post operative analgesia for the first three postoperative days. However, in this study, a single dose (4 g) of magnesium sulfate was used instead of the loading dose plus continuous infusion.
Intraoperative use of magnesium sulfate can be associated with decreased incidences of nausea and vomiting after surgery [14, 29] , which could have been due to the lower consumption Vol. 65, No. 1, July 2013 Magnesium for anesthesiologists of volatile anesthetic (sevoflurane) [14, 30] rather than any antiemetic effect of magnesium sulfate. Nevertherless, because nausea/vomiting is one of the most common and distressing complications after surgery, this effect is helpful for surgical patients, because it could be used to benefit, for example, patients undergoing ambulatory surgery. In addition, perioperative i.v. administration of magnesium sulfate has another advantageous effect, as it decreases the incidence of shivering by up to 70-90% [14, 28, 29] . Due to the fact that shivering is a leading cause of postoperative discomfort and increases oxygen consumption [31] , the prevention of shivering is one of the most obvious benefits of magnesium sulfate use in surgical patients.
When mixed with local anesthetic, magnesium sulfate may also show beneficial effects in intravenous regional anesthesia (Bier block). Turan et al. [32] reported that when magnesium was added to lidocaine for Bier block, the quality of anesthesia and analgesia was improved. Specifically, the onset times of the sensory and motor blocks were shorter and postoperative analgesia was better with magnesium. However, in this previous study, recovery after Bier block was prolonged in the magnesium group. In contrast, magnesium sulfate infusion during general anesthesia has not been found to delay recovery from anesthesia in most investigations [29, 33, 34] . Another consideration during magnesium sulfate administration is that it may cause cardiovascular depression by acting as a calcium channel blocker. The consequent inhibition of catecholamine release reduces plasma epinephrine and norepinephrine concentrations after endotracheal intubation, and therefore reduces hypertensive responses during anesthesia induction [35] . Thus, magnesium sulfate should be used with caution in hypovolemic patients and in those with limited cardiac capacity. In addition, slow administration (> 10 min) of the loading dose of magnesium sulfate may minimize cardiovascular side effects, such as hypotension and bradycardia.
Muscle Relaxation
Magnesium acts as a calcium channel blocker at presynaptic nerve terminals and decreases acetylcholine release at the motor endplate, which diminishes muscle fiber excitability and reduces the amplitude of endplate potential, resulting in the potentiation of a neuromuscular blockade by nondepolarizing neuromuscular blocker [36] . Some authors have focused on the direct enhancing effects of magnesium on the neuromuscular blockade [37] [38] [39] [40] . In contrast, others concluded that a perioperative adjuvant magnesium sulfate administration reduced requirements for nondepolarizing neuromuscular blockers [15, 29, 33, [41] [42] [43] .
Potentiation of muscle relaxation by magnesium sulfate can have diverse clinical implications. First of all, magnesium sulfate can be used as an adjuvant to tracheal intubation. Until recently, when used during the induction of general anesthesia, magnesium has been highlighted on its efficacy to attenuate cardiovascular responses associated with tracheal intubation [44, 45] . In addition, Kim et al. [46] reported that magnesium sulfate, when combined with rocuronium priming, improved rapid-sequence intubating conditions, compared with either magnesium sulfate or priming used alone.
In the operating room, the patient sometimes exhibits resistance to nondepolarizing muscle relaxants, which may result from a drug or a disease of the patient. In such cases, magnesium sulfate can be used effectively. In patients undergoing craniotomy, valproic acid is often prescribed before ope ration in order to prevent postoperative seizure. Kim et al. [47] reported that valproic acid decreases rocuronium duration resulting in increase in its requirement; however, magnesium sulfate administration attenuated this increase. Children with cerebral palsy show resistance to nondepolarizing neuromuscular blocking agents [48] . When magnesium sulfate was administered during operation in children with cerebral palsy, the rocuronium requirement was significantly decreased and postoperative opioid consumption was also decreased [41] .
Magnesium sulfate can also be helpful when succinylcholine is used for tracheal intubation. Magnesium may prevent hyperkalemia produced by succinylcholine [49] . Sakuraba et al. [50] reported that pretreatment with magnesium sulfate is associated with less fasciculation induced by succinylcholine. However, magnesium was reported not to influence the clinical course of succinylcholine-induced malignant hyperthermia [51] .
At the recovery phase of spinal anesthesia, the motor block recovers ahead of the sensory block. When additional muscle relaxation (motor block) is requested by the surgeon while suturing the surgical wound, magnesium sulfate can be used efficaciously.
Conclusion
Magnesium sulfate is an old drug, but has multiple characteristics which are very useful for anesthesiologists. When it is used appropriately to enhance analgesia and muscle relaxation in surgical patients, it can contribute to improvement in the outcome of surgical patients.
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